We inferred past admixture processes in the European population from genetic diversity at eight loci, including autosomal, mitochondrial and Y-linked polymorphisms. Admixture coefficients were estimated from multilocus data, assuming that most current populations can be regarded as the result of a hybridization process among four or less potential parental populations. Two main components are apparent in the Europeans' genome, presumably corresponding to the contributions of the first, Paleolithic Europeans, and of the early, Neolithic farmers dispersing from the Near East. In addition, only a small fraction of the European alleles seems to come from North Africa, and a fourth component reflecting gene flow from Northern Asia is largely restricted to the northeast of the continent. The estimated Near Eastern contribution decreases as one moves from east to west, in agreement with the predictions of a model in which (Neolithic) immigrants from the Near East contributed a large share of the alleles in the genome of current Europeans. Several tests suggest that probable departures from the admixture models, due to factors such as choice of the putative parental populations and more complex demographic scenarios, may have affected our main estimates only to a limited extent.
Introduction
Recent analyses of human diversity have reached different conclusions on the origin of the European gene pool. There is general agreement that genes coming from anatomically archaic people, the Neandertal people, represent either an extremely small fraction of the contemporary genome or none at all (Krings et al. 2000 , Relethford 2001 Caramelli et al. 2003; Stringer 2003) . Archaeological data show that the first anatomically modern Europeans entered from the Near East in Paleolithic times, 45,000 years ago or less (Otte 2000) , and lived in different parts of the continent until the end of the last glaciation. They also show that another large-scale expansion from the Near East accompanied the spread of the technologies for food production in Neolithic times, between 10,000 and 5,000 years ago (Zvelebil 1986; Pinhasi, Foley, and Mirazòn Lahr 2000) . However, the relative contribution of Paleolithic huntinggathering and Neolithic farming ancestors to the genome of current Europeans cannot be easily inferred or quantified from archaeological data.
Most studies based on nuclear protein (Menozzi, Piazza, and Cavalli-Sforza 1978; Sokal, Oden, and Wilson 1991; Cavalli-Sforza, Menozzi, and Piazza 1993; Barbujani et al. 1994) and DNA Barbujani and Bertorelle 2001) polymorphisms, including the Y chromosome (Rosser et al. 2000; Chikhi et al. 2002) , suggest that the Neolithic spread of farming entailed a largescale population replacement, also termed demic diffusion (Ammerman and Cavalli-Sforza 1984) . The main genetic evidence for Neolithic dispersal from the Near East is represented by the broad genetic gradients affecting many loci over much of Europe (Menozzi, Piazza, and CavalliSforza 1978; Cavalli-Sforza, Menozzi, and Piazza 1993) .
On the other hand, 75% or so of the current mitochondrial and Y-chromosome European lineages can be traced back to ancestral lineages that originated in Paleolithic times. Some interpreted this finding as evidence that 75% of the ancestors of current Europeans were already in Europe in Paleolithic times, before the Neolithic transition (Richards et al. 1996 (Richards et al. , 2002 Macaulay et al. 1999; Semino et al. 2000; Torroni et al. 2001) . A single percentage value for all of Europe is not very informative, because populations are likely to differ in their history and genetic composition, as allele-frequency gradients (Menozzi, Piazza, and Cavalli-Sforza 1978; Sokal, Oden, and Wilson 1991; Cavalli-Sforza, Menozzi, and Piazza 1993; Barbujani et al. 1994) clearly suggest. However, the question remains whether the ancestors of the current Europeans were mostly local Paleolithic hunters and gatherers (hereafter: Paleolithic model, or PM), or mostly Neolithic farmers who dwelt out of Europe until comparatively recent times (hereafter: Neolithic model, or NM).
Aside from its anthropological relevance, this question has implications of obvious medical and epidemiological relevance. Genes that influence multifactorial diseases are expected to be easier to identify in isolated communities, which were only marginally affected by admixture, if at all (Goldstein and Chikhi 2002) . In addition, depending on the model of European prehistory that one assumes, the patterns shown by various pathological or disease-resistance alleles may have different explanations. For example, the relative frequencies of the ÁF508 cystic fibrosis allele decline from northwest to southeast Europe (Estivill, Bancells, and Ramos 1997) . Under an NM it is reasonable to regard that gradient as a result of Near Eastern gene flow into a Paleolithic population with higher ÁF508 allele frequencies. However, if just a few people entered Europe in Neolithic times (as stated by the PM) a continent-wide gradient must reflect processes other than Neolithic gene flow, possibly some form of geographically variable heterozygote advantage (Wiuf 2001) . Similar problems exist for many other mutations of clinical relevance.
A common ground for supporters of either model is the recognition that, as a rule, current European populations are hybrids, containing variable proportions of alleles derived from both Paleolithic settlers and Neolithic immigrants. This means that quantifying admixture is a way to see which model, whether the PM or the NM, better describes the composition of the European gene pool. In the only comparable study available to date, Chikhi et al. (2002) estimated that between approximately 70% (in the Balkans) and 30% (in Iberia) of the current Ychromosome haplotypes should be attributed to (presumably Neolithic) immigration from the Near East. Here we extend the analysis to several genome regions, inherited both uni-and biparentally. Indeed, variation at a single locus reflects a combination of population-specific demographic factors (including drift, gene flow, and admixture) and locus-specific, or even allele-specific (Holtkemper et al. 2001 ), mutational differences and selective pressures. Unless selection can be ruled out, which is not the case for widely used markers such as mitochondrial DNA (Mishmar et al. 2003 ) and the Y chromosome (Jobling and Tyler-Smith 2000) , the effects of selection and demographic history are difficult to disentangle at the single-locus level (see, e.g., Pääbo 1999 .
Because admixture affects the genome as a whole, in this study we estimated admixture rates in twelve European regions, each representing an aggregate of populations, on the basis of the largest available set of loci that proved suitable for that purpose. The method we used (Dupanloup and Bertorelle 2001) infers admixture coefficients considering several potential parental populations, which also gave us the opportunity to quantify the potential contributions of immigrants from North Africa and Northern Asia.
Materials and Methods

Data Sets
We searched the available literature for sets of DNA markers that had been typed on a sufficiently large number of populations, covering in sufficient detail the map of Europe. In this way, we selected eight data sets, for which information exists about at least one (but generally, many more) population dwelling in each of 12 arbitrarily defined European regions. Therefore, each such region is an aggregate of geographically close populations and is treated as a hybrid between two, or four, parental populations (see tables 1 and 2 and figs. 1 and 2).
Each of the eight data sets corresponds to a different locus, mitochondrial or nuclear, except for two sets of Ychromosome polymorphisms. Because the individuals in these two data sets are different, in agreement with Sokal, Oden, and Wilson (1991) we shall use the term system to refer to an independent data set. In this way, we shall be analyzing eight genetic systems, representing seven different loci, namely:
(1) 2,349 sequences of the mitochondrial hypervariable region I (HVR-I) from 34 samples, collected by Simoni et al. (2000) , and repeatedly updated (see Vernesi et al. 2002; Caramelli et al. 2003) ; (2) eleven binary markers from the non-recombining region of the Y chromosome (hereafter NRY) in 42 populations for a total of 3,290 individuals, from Rosser et al. (2000) ; (3) 22 binary markers of NRY in 27 populations for a total of 1,096 individuals, from Semino et al. (2000) and (for North Africa) Underhill et al. (2000) ; (4-8) five nuclear DNA loci from Chikhi et al. (1998) , updated by a Medline search of the recent literature. Four of the Chikhi et al. (1998) loci are tetranucleotide microsatellites (FES/FPS, FXIIIA, HUMTH01, VWA31A), whereas DQa is a highly polymorphic gene coding for the a-chain of the HLA-DQ molecule. For each of these five markers, the For each system, we initially tested whether it is legitimate to clump the data from different samples by performing an AMOVA analysis (Excoffier, Smouse, and Quattro 1992) . The AMOVA technique allowed us to partition genetic variance in three components, corresponding respectively to differences (1) among individuals within population, (2) among populations within a region, and (3) among regions. The percentage of the global European variation corresponding to population differentiation within regions was always below 5% (range: 0.16%-4.85%), which does not indicate a substantial genetic heterogeneity among the population samples that we clumped.
Choice of the Parental Populations
Admixture coefficients estimate the likely components of the contemporary European gene pool contributed by two or more parental populations whose members hybridized at a certain moment in the past. For all the loci of this study we considered possible admixture between two parental populations, namely (1) Neolithic people from the Levant and (2) Paleolithic inhabitants of Europe. Whenever sufficient data were available (i.e., for the mitochondrial and Y-chromosome data sets), we also considered as potential parental groups populations from (3) North Africa and (4) North-Eastern Europe.
A preliminary step of the analysis was to select the modern populations that better represent the genetic characteristics of these parental populations. Archaeological, linguistic, and genetic evidences suggest choices that are largely shared by all previous studies on European genetic diversity (see, e.g., Ammerman and Cavalli-Sforza 1984; Richards et al. 2002) .
As a proxy for Neolithic farmers, all studies we are aware of chose populations from the Near East and Anatolia (Menozzi, Piazza, and Cavalli-Sforza 1978; Semino et al. 1996 Semino et al. , 2000 Richards et al. 2000; Wilson et al. 2001; Chikhi et al. 2002) , which is where the first archaeological evidence of farming was found (Renfrew 1987) . As for the Paleolithic component of the genome, in principle any population could be used under the PM model, because this model considers current populatons as derived, with very few changes, from local Paleolithic ancestors. However, there is a general consensus that the Basques represent the most direct descendants of the hunter-gatherers who dwelt in Europe before the spread of agriculture, based on both linguistic and genetic evidence (Menozzi, Piazza, and Cavalli-Sforza 1978; Bertranpetit and Cavalli-Sforza 1991; Bertranpetit et al. 1995; Semino et al. 2000; Wilson et al. 2001) . When sufficient data were available to test for more complex scenarios (i.e., for mitochondrial and Y-chromosome data sets), we also considered present-day North Africans and North-Eastern Europeans as parental populations, thus modeling admixture as a process potentially involving up to four groups. In this way, we looked for the possible genetic consequences of gene flow through the Mediterranean Sea (see, e.g., Rando et al. 1998; Bosch et al. 2001) , and from Northern Asia, as suggested, among others, by Rosser et al. (2000) .
FIG. 1.-(A)
Distribution of the 34 populations tested for mtDNA HVRI sequences polymorphisms (Simoni et al. 2000) . (B) 42 populations tested for 11 NRY binary markers (Rosser et al. 2000) . (C) 27 populations tested for 22 NRY binary markers (Semino et al. 2000) . Squares show the location of the parental population samples, and circles show the location of the European samples.
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The Admixture Model and Estimation Methodology Our method allows the estimation of the relative contribution of d parental populations into a hybrid group, using either allele-frequency differences or both such differences and the degree of molecular divergence between alleles (Bertorelle and Excoffier 1998; Dupanloup and Bertorelle 2001) . We consider an ancestral population splitting into d parental populations (PPs) that evolve independently for s generations. At that point, a hybrid population (HP) is instantaneously created by combining d fractions, each indicated by l i , of genes taken at random from each PP. From that moment on, for t A generations, the HP and PPs evolve independently, under random genetic drift.
Under this model, the mean coalescence time between a gene drawn from the HP and a gene drawn from the i th PP, " t t h,i , is simply given by
where " t t i,i is the mean coalescence time between two genes sampled in the same PP i, " t t i, j is the mean coalescence time
Distribution of the 59 populations tested for DQa and (B) the samples analyzed for one to four tetranucleotide microsatellites polymorphisms.
1364 Dupanloup et al. between two genes sampled in two different PPs, i and j (a quantity equal to " t t i, j ), and l i (or l j ) is the relative contribution of the i th (or j th ) PP into the HP. Least-squares estimators of l i , mY i , were derived minimizing the sum of the squared differences between the left and the right-hand sides of equation (1) computed for each parental population. The mY i estimators can be applied to any type of molecular data (such as DNA sequences, Restriction-Fragment Length Polymorphisms (RFLPs), or microsatellite data) for which the extent of molecular diversity is related to coalescence times. For DNA sequences, assuming that each new mutation occurs at a previously monomorphic site (the infinite-site model), coalescence times are estimated from the number of pairwise differences. For microsatellites, assuming a stepwise mutation model, coalescence times are estimated from the average squared difference in allele size.
When the number of substitutions (or, for microsatellites, the length differences) between alleles are disregarded, the estimated l i fractions become equivalent to conventional admixture rates, estimated from haplotype or allele frequencies (Chakraborty 1986) .
For each system, we estimated twice the contributions of the putative parental populations to the 12 European regions, either considering or not considering the molecular differences between alleles (hereafter, we shall refer to these estimates respectively as molecular and frequency admixture rates). Standard errors r mYi were computed by a bootstrap procedure (Efron, 1982) that consists in drawing, with replacement, the alleles from the original samples, as described in Bertorelle and Excoffier (1998) . A weighted average across systems was then computed (Cavalli-Sforza and Bodmer 1971), and the heterogeneity among the contributions estimated at k different systems was tested by means of a v 2 as suggested by Cavalli-Sforza and Bodmer (1971):
This v 2 test does not account for the stochasticity of the coalescent process. Consequently, nominally significant tests may reflect either real heterogeneity among systems, or random differences among realizations of the same stochastic process at different loci, or both. Therefore, the number of nominally significant results is expected to be higher than the real number of populations whose estimated admixture rates are heterogeneous across systems. Finally, to identify geographical trends in the admixture proportions, we summarized by linear regression the relationships of the admixture estimates in each hybrid population with the distances from the geographical barycenters of the Basque, Near Eastern, North African, and North-Eastern Europe samples, respectively.
Results
Admixture Proportions (4 Parental Populations): Y Chromosome and mtDNA
With few exceptions, the mean admixture proportions estimated from mitochondrial and NRY data ( (Sokal and Rohlf 1995) , significant heterogeneity between loci is observed for several groups of samples (see table 3 ). This finding is in agreement with previous results indicating that the Y chromosome and mtDNA have different distributions in Europe and indeed worldwide (Seielstad, Minch, and CavalliSforza 1998; Harris and Hey 1999) .
The estimated North African contribution to the European gene pools is low, less than 2% on average (range: 210.7% in Scandinavia, 16.6% in Sardinia for molecular estimates; 24.1% in Scandinavia, 8.2% in Portugal, for frequency estimates). In more than one-third of the samples, especially in Northern Europe, the estimated North African admixture does not differ significantly from zero, suggesting that genes from North Africa essentially do not occur in the gene pools of these regions. In general, the estimated contributions from North-Eastern Europe are higher than the African contributions, but they still represent a small component of genetic diversity, accounting for between 10.5% (molecular estimates) and 17.4% (frequency estimates) of the total. Variation among regions is high, and most groups show little or no North-Eastern Europe admixture. The exceptions are Finland and Eastern Europe, where roughly 95% and 50% of the gene pools, respectively, seem to come from North-Eastern European ancestors.
The main components in the European genomes appear to derive from ancestors whose features were similar to those of modern Basques and Near Easterners, with average values greater than 35% for both these parental populations, regardless of whether or not molecular information is taken into account. The lowest degree of both Basque and Near Eastern admixture is found in Finland, whereas the highest values are, respectively, 70% in Spain and more than 60% in the Balkans.
Admixture Proportions (2 Parental Populations): All Loci
With the increase of the number of systems considered (6 to 8 mitochondrial and nuclear systems, depending on the number of autosomal loci available in each population), the statistical errors of the admixture coefficients decrease substantially (all below 8%; table 4). The Near Eastern contribution is generally high, with a mean of 49.4% across Europe (range: 20.8% in England, 79.0% in the Balkans) when considering molecular information and 54.5% (22.1% in England, 95.6% in Finland) when considering only the frequency of haplotypes. However, there is reason to mistrust the estimates obtained for Finland. Indeed, more than 90% of the alleles observed there seem to have come from North-Eastern Europe (table 3) , so its population can by no means be regarded as a hybrid between Basques and Near Easterners (table 4). The extent to which an incorrect choice of parental populations leads to wrong results is investigated by simulation in a successive section of this paper. At any rate, when Finland is excluded from calculations, the average Near Eastern contributions become 48.3% (molecular estimates) and 50.7% (frequency estimates).
Heterogeneity among the estimates computed for the different systems is nominally significant in central Eastern Europe, Eastern Europe, Finland and Scandinavia, and remains significant in the Balkans even after Bonferroni's correction for multiple tests. Note that, with the test we used, the probability to reject the null hypothesis (homogeneity across loci) when true was higher than the nominal 5%. However, this result confirms that analyses of single markers are likely to yield inaccurate estimates of demographic parameters.
Regression Analysis
In figure 3, no significant correlation is apparent between North African admixture and geography. Genetic exchanges across the Mediterranean Sea, and especially in its western-most part where the geographic distance between continents is smallest, seem to have been limited or very limited (Simoni et al. 1999; Bosch et al. 2001) . By contrast, when a Bonferroni correction for multiple tests is applied, admixture from North-Eastern Europe and from the Basque area are significantly associated with the distance from the populations of interest (see fig. 3 ), with a decrease, respectively, of 30% and 35% every 1,000 km, in a range of 2,000 to 2,500 km from the barycenter of the parental samples.
The Near Eastern contribution to European samples is significantly correlated with geography when frequency data are used but not when molecular information is taken into account. In this case, the distribution of points reveals a reduction of admixture rates with distance, but these estimates have a large variance within each distance class. The mean proportion of Near Eastern genes in European samples does decrease with distance from the Near East, but, even after 3,000 km, it is still high and different from 0.
To quantify more precisely the relative importance of what seem to be the two main components of the European genome, we re-estimated admixture using all systems but only two parental populations, the Basques and the Near Easterners. The relationship between admixture rates and geographic distances becomes stronger (r NE ¼ 20.709, p ¼ 0.010, molecular estimates; r NE ¼ 20.638, p ¼ 0.026, frequency estimates), and a rather clear geographical pattern is evident (fig. 4) .
Testing the Choice of Hybrid and Parental Populations
In all previous analyses, we assumed that the parental and the hybrid populations were unambiguously defined. As shown by the estimates obtained for Finland in table 4, violations of that assumption may lead to erroneous conclusions. However, there is a way to validate it. As suggested by Bertorelle and Excoffier (1998) , a misidentification of the parental populations in the analysis results in many coefficients outside the range [0%-100%], and/or in high errors associated with the estimates. We ran five simulation experiments in which we selected four random populations as parentals from the set of populations here considered. We then re-estimated the hypothetical contribution of these four populations into the 12 (hypothetically admixed) populations left using one Y-chromosome data set (Rosser et al. 2000) .
As is evident in table 5, the range, and especially the standard errors, of the admixture estimates become extremely large in random demographic scenarios alternative to the admixture model considered throughout this study. A greater number of randomization tests would be necessary to prove that the populations we used as parental represent the best possible choice, and that would be overly time-consuming. However, we can at least conclude that implausible results are evident when clearly implausible parental populations are used to estimate admixture. Because when we used what we consider plausible parental populations the results were clearly different, it seems reasonable to conclude that the evolutionary scenario tested in this study is, by and large, at least realistic. That does not come as a surprise, because that scenario is supported by, and was originally designed using, up-to-date archaeological information.
Discussion
The questions asked in this and in comparable studies are of the type: When did a certain group of people come to occupy a certain area? How extensive was the admixture between them and other groups? These are questions about population history, and they need be addressed considering simultaneously as many independent alleles as possible. Analyses of single or physically linked alleles or haplotypes, no matter how informative they appear to be, are unlikely to contain all the information needed to infer and quantify population processes, and may also, if selected a posteriori, produce biased inferences.
With one exception, previous estimates of the Paleolithic and Neolithic contributions to the European gene pools did not consider the entire genetic diversity in the populations of interest. Rather, admixture rates were equated with the frequencies of haplotypes whose distribution was supposed to be a result of Neolithic admixture (Semino et al. 2000; Richards et al. 2002) . In the only study so far that explicitly models the admixture process at the population level, Chikhi et al. (2002) described Ychromosome patterns supporting a significantly greater genetic contribution of Neolithic farmers than did previous studies based on the same data (Semino et al. 2000) and an east-west gradient of Neolithic admixture across Europe. In this study, we found similar patterns across the genome, which implies that we are unlikely to have been misled by the effects of selection (Luikart et al. 2003) . The Y chromosome, and mtDNA, can be regarded as single, if very large and polymorphic, loci. Because gene flow processes, including admixture, affect the entire genome, the greater the number of systems considered, the more robust the inferences about admixture (e.g., Bertorelle and Excoffier 1998) . Eight systems are not many, but this is the first admixture study of Europe based on multiple loci. Its results suggest that the main components in the genomes of Europeans may be referred to admixing populations whose genes resembled, respectively, the modern Basque and Near Eastern populations. Only a small fraction of the European alleles seems to come from North Africa, whereas a fourth component of Northern European (and ultimately, perhaps, Northern Asian) origin is nonzero, but it is largely restricted to the northeast of the continent. Near Eastern admixture is less than 30% only in the British Isles and exceeds 50% over much of the continent, with a decrease of this contribution as the geographic distance from the Near East increases (figs. 3 and 5).
In agreement with essentially all published literature, we took the genes in current Basque and Near Eastern populations as the best available approximation to the genes of the people inhabiting, respectively, Europe and the Near East before the Neolithic dispersals. To the extent that this assumption is realistic, the results indicate that a large fraction of alleles in the European genomes can be traced to a Neolithic origin, certainly much higher than the 15-20% proposed by Richards et al. (2000 Richards et al. ( , 2002 and Semino et al. (2000) . The spatial distribution of these fractions is the one expected under a NM model, in which the genes of Neolithic farmers got diluted as they moved away from the Near East.
Any analysis of admixture relies on the validity of the underlying model, and every model is a simplification of a set of evolutionary phenomena that would otherwise be difficult or impossible to address quantitatively. Here we assumed that up to four parental populations determined the current gene pool of all European populations and that other gene flow processes were negligible. In addition, we assumed that after admixture genetic drift and new mutations could be neglected. There is no doubt that genetic exchanges in historic and prehistoric Europe have been multiple and complex (e.g., Sokal et al. 1997) , and that five to ten thousand years of genetic drift and mutation must have left a mark in the populations we considered. The question is whether or not, by disregarding these additional phenomena, one ends up with unreliable admixture estimates.
As for the effects of additional gene flow, negative admixture estimates accompanied by large standard deviations are commonly observed when more complex exchanges occurred than a simple admixture event, or when the parental populations are improperly chosen (Bertorelle and Excoffier 1998) . We showed that replacing our four parental populations with other, implausible parental populations leads to evidently implausible results (table 5) . On the contrary, most values estimated using what we consider plausible parental populations were in the range 0%-100%, and standard errors were always below 15%. Therefore, by and large these results do not suggest that the admixture model we chose grossly misrepresents the population processes leading to the current European genetic diversity.
The question of how important drift was after the admixture event is a complicated issue that we could only partly address. First of all, in general, low levels of genetic differentiation are observed among present-day European populations at the genomic level (Romualdi et al. 2002; Rosenberg et al. 2002) , which does not support the idea that drift was the main evolutionary force affecting them. Mitochondrial data suggest that the European populations expanded in the last ten millennia (Excoffier and Schneider 1999) , and genetic drift is known to be less effective in expanding populations (e.g., Terwilliger et al. 1998) . Chikhi et al. (2002) are the only ones so far who inferred the impact of drift after the Neolithic transition. Their results, based on Y-chromosome diversity, suggest a limited effect in the Near East and increasing, but never large, effects for populations that acquired farming at later times. In addition, we note that these loci are uniparentally transmitted, and hence their effective population size is one-fourth that of the autosomal loci we considered. As a consequence, we expect a lesser effect of drift on most genes considered in our study. Finally, the stochastic nature of drift should tend to produce an increase in the errors associated with our estimates, but averaging several independent loci should make a systematic bias unlikely.
Although we could not model the effects of drift, we could get further insight on the effect of mutation after admixture by re-analyzing one Y-chromosome data set (Rosser et al. 2000) , after introducing a mutational parameter, t A , in equation (1). Assuming that admixture occurred 10,000 or 5,000 years ago, and a mutation rate of 2.5 3 10 28 /site/year (Hammer 1995; Jobling, Pandya, and TylerSmith 1997) , or even a rate ten times higher, no estimated coefficients changed by more than a few percent, and in no population was the change significant when evaluated by a Mann-Whitney test (results not shown). To observe substantial changes of admixture rates, the mutation rate had to be at least 1,000-fold as high.
Molecular and frequency estimates of admixture are not identical, and they should not be expected to be so. Indeed, DNA sequences evolve mainly by the accumulation of mutations, occurring over millennia, whereas the frequencies of allelic variants, no matter whether estimated at the protein or DNA level, diverge more rapidly because of drift (Sajantila et al. 1995; Barbujani 1997) . Thus, there is little doubt that in the 10,000 years elapsed from the origin of agriculture the European genetic diversity was affected more by drift and migration than by mutation. As a consequence, estimates based on molecular distances may incorporate, to an undefined extent, the effect of mutations that predate the admixture events we planned to describe, so figure 4B probably represents a more reliable summary of European admixture than figure 4A . Nevertheless, the similarity between the two parts of figure 4 indicates that, for the main question addressed here, it is not terribly important whether or not molecular differences among alleles are considered. Indeed, the differences between estimates relative to the same population are usually below 10% (see tables 3 and 4) and show roughly parallel trends across Europe.
In brief, our results corroborate Chikhi et al's (2002) conclusion that the Neolithic shift to agriculture entailed major population dispersal from the Near East, by increasing significantly the amount of data considered. There is a single important difference between the results of this study and theirs. Chikhi et al. (2002) found a very limited (if any) amount of Y-chromosome introgression from the Near East into Sardinia. This led them to suggest that Sardinians might be, like the Basques, descendants of hunter-gatherers whose genomes were only mildly affected by incoming farmers. The method used by Chikhi et al. (2002) accounted for the effect of genetic drift after admixture, whereas the method used here only accounts for drift through the use of independent loci. As noted, the uncertainty on a particular population for a given locus is often large. One possible explanation of the difference observed for the Sardinians, then, is that a higher level of introgression may have occurred at nuclear loci, which is possible in principle, but is difficult to prove using the available data. If so, the results presented here could be different without being contradictory. Other explanations can be envisaged. At this stage it is clear that, unless a method is able to account for the stochasticity of genetic drift, the study of single loci should be avoided, in favor of a multi-locus approach.
But we can now ask what these admixture calculations actually mean. In particular, what is a Neolithic or a Paleolithic ancestry, and does the high Neolithic admixture in, say, Scandinavia mean that the mutations generating the alleles we currently observe in Scandinavia occurred in Neolithic times? Or does it mean that gene flow was high from the Near East into Sweden in Neolithic times? The answer is no in both cases. First, the age of a mutation is not the moment at which that mutation entered a population, because the depth of the gene genealogy associated with a mutation is greater than that of the evolutionary process that gave rise to its present-day distribution Edwards and Beerli 2000; Nichols 2001 ). Despite some past disagreement, most authors have now come to acknowledge that there is no necessary correlation between the timing of migrations and the age of mitochondrial or Y-chromosome clades (Stumpf and Goldstein 2001; Richards et al. 2002) . Second, admixture rates measure the fraction of alleles that can be traced back to the people who, respectively, were already in Europe, or entered it, with the Neolithic expansion, but they tell us nothing about where exactly these people dwelt at that time. Therefore, a high Paleolithic or Neolithic component in a gene pool does not mean that a region was colonized in Paleolithic or Neolithic times, respectively. Under the assumptions of our model, a 52% Neolithic component in Scandinavia means that roughly half of the Scandinavians' alleles are probably descended from ancestors who entered Europe (not Scandinavia) during the Neolithic dispersal and reached Scandinavia at an unspecified, later time.
In the future, it will be important to incorporate detailed archeological information into the population models, so that the assumptions will become both more complicated and more realistic. In addition, we need more sophisticated genetic methods to discriminate between the effects of isolation by distance and historical migration. Indeed, both phenomena may have contributed to the generation of the European gradients, although simulation studies have rejected the hypothesis that isolation by distance by itself might have caused such a strong patterning of genetic diversity in Europe (Barbujani, Sokal, and Oden 1995) . In the next years, a greater number of polymorphic markers will also become available. Considering greater numbers of loci will progressively reduce the importance of loci whose peculiar evolutionary history, possibly including selection, renders them statistical outliers (Luikart et al. 2003) . Therefore, in the not-so-distant future, there are good chances to achieve more robust admixture estimates for Europe and to define with greater confidence the timing of the admixture. At present, this study, the largest so far, shows that a component of the Europeans' genome of Near Eastern origin is large, and it decreases as one moves west. Neither finding is in agreement with the predictions of a model in which Neolithic immigrants from the Near East contributed a small share of the alleles in the genome of current Europeans.
